In supersymmetric models with Dirac neutrinos, the lightest sneutrino can be an excellent thermal dark matter candidate when the soft sneutrino trilinear parameter is large. We focus on scenarios where the mass of the mixed sneutrino is of the order of GeV and sensitivity of dark matter direct detection is weak. We investigate phenomenological constraints on the model parameter space including the vacuum stability bound. We show that the allowed regions can be explored by measuring Higgs boson properties at future collider experiments.
I. INTRODUCTION
On July 4th, 2012, the ATLAS and CMS collaborations of the CERN Large Hadron Collider (LHC) announced the discovery of a new particle with a mass of 125 GeV [1] . The spin and parity properties of the new particle as well as its couplings to Standard Model (SM) particles have been investigated, and proven to be consistent with the prediction of the SM. The SM has been established as a low energy effective theory that explains phenomena at energy scales below O(100) GeV.
Although the SM is extraordinarily successful, there are still unresolved problems. The observation of neutrino oscillations reveals that neutrinos must have finite masses and contradicts the SM, where the neutrinos are massless [2] . Cosmological observations precisely determine the energy density of dark matter in the universe while there is no candidate particle that can fulfill the dark matter abundance in the SM [3, 4] . From the theoretical viewpoint, in order to explain the observed Higgs boson mass in the framework of the SM an unnaturally huge fine-tuning between its bare mass squared and contributions from radiative corrections is required. We are obliged to construct a more fundamental theory beyond the SM to tackle these difficulties.
The above-mentioned problems are solvable in supersymmetric (SUSY) extensions with right-handed neutrino chiral supermultiplets. The couplings of the right-handed neutrinos to the left-handed counterparts provide a source of the observed neutrino masses, which are either Dirac-or Majorana-type. The hierarchy problem is avoided by introducing SUSY:
The quadratically divergent SM contributions to the Higgs boson mass squared are canceled out by those from diagrams involving superparticles whose spins differ from their SM counterparts by half a unit. It is intriguing that a viable candidate for dark matter other than conventional ones is automatically introduced as a by-product in this framework: The lightest sneutrino which is mainly made of the right-handed component. When such a sneutrino is the lightest SUSY particle (LSP), the observed dark matter abundance can be explained while satisfying other experimental constraints, in sharp contrast to left-handed sneutrino LSP scenarios which are excluded by the data of direct detection of dark matter. SUSY scenarios with Dirac neutrinos and large SUSY breaking sneutrino trilinear parameters can provide a viable sneutrino dark matter candidate. Sneutrino trilinear parameters of the order of other soft SUSY breaking masses can be naturally realized in models where F -term SUSY breaking is responsible for the smallness of the neutrino Yukawa couplings and induce large mixings between the left-and right-handed sneutrino states. Due to the large sneutrino trilinear coupling, the lightest mixed sneutrino behaves as a weakly interacting massive particle (WIMP) and its thermal relic abundance falls in the cosmological dark matter abundance [5] . So far, such mixed sneutrino WIMP scenarios have been screened in the light of experimental results. If the mixed sneutrino mass is of the order of 100 GeV, its thermal relic abundance can account for the observed dark matter abundance without contradicting experimental constraints. On the other hand, when the mass of the mixed sneutrino is smaller than half the mass of the discovered Higgs boson, its invisible decay rate is significantly enhanced. It has been shown that such a light sneutrino dark matter scenario is excluded in the light of the LHC results if the gaugino mass universality is imposed [7] .
In this paper, we explore the GeV-mass mixed sneutrino scenarios without gaugino mass universality. We show that when the lightest neutralino mass is of the order of the mixed sneutrino mass, the thermal relic abundance of the mixed sneutrino coincides with the observed dark matte abundance. It should be emphasized that the large sneutrino trilinear coupling makes our vacuum unstable. However, the vacuum stability bound in light mixed sneutrino WIMP scenarios has been neglected in earlier works. We compute the transition rate of our vacuum to a deeper one, and show that the vacuum stability bound is not severe. Although experimental constraints are very tight, there are some regions where mixed sneutrino WIMP scenarios are viable. We show that dark matter allowed regions can be examined by precisely measuring the invisible decay rate of the observed Higgs boson at future linear colliders.
The organization of this paper is as follows: In Sec.II, the model of the mixed sneutrino dark matter is briefly reviewed. Experimental constraints on the model are summarized in Sec.III. In Sec.IV, the vacuum stability bound on our model is discussed. Sec.V is devoted to a summary.
II. MODEL
Here, we briefly review the mixed sneutrino model with lepton number conservation, which is proposed in [5] . In this model, in addition to the usual MSSM matter contents, three 
where m
are soft right-handed sneutrino mass parameters, and A ν i are trilinear sneutrino A-parameters. In order to avoid lepton flavor violation, we have assumed that these soft parameters are diagonal in generation space. Majorana neutrino mass terms and corresponding right-handed sneutrino bilinear terms are prohibited due to lepton number conservation.
Neglecting the contribution from the Dirac neutrino masses, the sneutrino mass matrix for one generation is written as
where m 
with mν 1 < mν 2 , and the sneutrino mixing angle is given by
It should be emphasized that the couplings of the lighter sneutrino to the Z-boson, the Higgs boson and neutralinos are suppressed by a power of the small mixing angle θ, compared to those of the MSSM left-handed sneutrinos. The smallness of the sneutrino interactions plays an important role in satisfying experimental constraints as discussed in the next section. The Feynman rules for such sneutrino interactions are given by
where e is the electric charge, g the SU(2) L coupling constant, m Z the Z-boson mass and θ W the Weinberg angle. As for SUSY parameters, α is the Higgs mixing angle, and the matrix N ij diagonalizes the neutralino mass matrix.
In the rest of this paper, for simplicity, we focus on the cases where the lighter of the tau sneutrinos is a GeV-mass thermal WIMP candidate. We assume that the lighter sneutrinos of the first two generations are too heavy to affect experimental constraints on such GeVmass tau sneutrino WIMP scenarios.
III. EXPERIMENTAL CONSTRAINTS
Thermal WIMP candidates have been extensively tested through many experiments. In particular, if the WIMP is lighter than half of the mass of the Higgs boson and interacts with the Higgs boson, such light WIMP models can be probed also through searches for the invisible decay of the Higgs boson. We list relevant experimental constraints imposed on light tau sneutrino WIMP scenarios in Table I , and comment on the constraints below.
In general, dark matter candidates must be consistent with at least the upper limit of the dark matter relic density [4] . In our model, if the mass of the sneutrino WIMP is less than 10 GeV, sneutrinos tend to annihilate into neutrinos via neutralino exchange. For |M 1 | < |M 2 | < |µ|, the lightest neutralino is bino-like, and the second neutralino is winolike. In this limit where the higgsino mixing parameter µ is considerably larger than the [18] and SuperCDMS [19] (m DM , σ ann v) constraint σ ann v from FermiLAT [20] gaugino masses, the thermal average of the sneutrino annihilation cross section is given by
For |M 1 | ≪ |M 2 |, the resulting thermal relic abundance of the sneutrino is approximately
Therefore, when the sneutrino mixing angle is as small as sin θν, the relic abundance constraint predicts that the mass of bino-like neutralino is as small as that of the tau sneutrino WIMP. From this observation, we concentrate on the cases where both the lightest tau sneutrino mass and the bino-like neutralino mass are of the order of GeV. Such a possibility has been overlooked in earlier works.
In our model, the scattering of sneutrinos on nucleons occurs spin-independently via Zboson or Higgs boson exchange. The coupling among the Higgs boson and the sneutrinos is proportional to the large A-term. Then, the amplitude of the scattering via the Higgs boson is dominant over the one via the Z boson. We calculate the cross section of the scattering of the dark matter and nucleon:
where µ χ is the sneutrino-nucleon reduced mass, A is the mass number, Z is the atomic number and f p (f n ) is the amplitude for the proton (neutron).
We use the result of the FermiLAT experiment to check the annihilation cross section of the sneutrino dark matter [20] . In our model, however, the GeV-mass sneutrino tends to annihilate to the neutrinos. Therefore the constraint by the indirect detection is not serious.
We mention experimental constraints on the masses of electroweak superparticles. The pair production of sparticles are searched for at the LEP, and the null results constrain the masses of the right-handed sleptons, and the lightest chargino as shown in [8] . The LHC experiments also search for the pair productions of the sleptons and the charginos [9] [10] [11] .
Such pair productions are characterized by the signals for the two leptons and the W, Z, and Higgs bosons. In addition, the searches for the pair production of the lightest chargino and the next-to-lightest neutralino impose the chargino mass limit more strongly than the results of the chargino pair production. The next-to-lightest neutralino decays to the lightest neutralino via slepton. Therefore, the chargino neutralino pair production is associated with the signal of three leptons. The search for the strong production of sparticles in multi-bjets final states constrains the gluino mass [12, 13] . In our model, it is assumed that the lightest chargino and the next-to-lightest neutralino decay to the lighter sneutrino with the tau lepton. Then, we use the constraints on the lightest chargino mass by the searches for two or three taus.
The upper bound of the invisible decay of the Z-boson is obtained at the LEP [14] :
In our model, the Z-boson tends to decay invisibly to the lighter mixed sneutrino pair or the lightest neutralino pair. The invisible decay width of the Z boson to a pair of the sneutrinos is proportional to the sneutrino mixing angle:
where Γ(Z →ν 1 ν 1 ) denotes the decay width of Z boson to a pair of the neutrinos:
Therefore, the sneutrino mixing angle is constrained by the result on the Z boson invisible decay width.
We show the experimental constraints on the Higgs boson invisible decay. The branching ratio of the Higgs invisible decay is constrained directly through the searches for Zh → ll+E miss T [15, 16] , and indirectly by the best-fit analysis using the combination of all channels of the Higgs boson decay [17] . We use the results of the best-fit constraint to check our model.
In our model, the decay width of the Higgs boson to a pair of the lighter mixed sneutrino is proportional to the sneutrino mixing angle sin 4 θν:
Therefore, the indirect searches impose almost the same upper limit on the sneutrino mixing angle as the direct searches. The Higgs boson can decay invisibly also to the lightest neutralino. Such decay mode is associated with the Higgsino component of the lightest neutralino. Then, if the µ-parameter is large, the decay mode is suppressed and the branching ratio of the Higgs invisible decay is consistent with the experimental results.
Finally, we comment on mono-photon searches. The searches at LEP2 is not sensitive to the GeV-mass region and not serious in our model [8] . The LHC results are converted into the scattering cross section. Since the upper limits are as large as 10 −40 cm 2 , such constraints are not serious.
IV. VACUUM (META-)STABILITY BOUNDS
In the MSSM, a large trilinear soft supersymmetry breaking term is known to cause a minimum deeper than the Standard-Model-like (SML) vacuum [21] . In our scenario, this is bound to be the case since the neutrino masses are attributed to their small Yukawa couplings. This is easy to see by tracing the scalar potential along the D-flat direction,
which leads to the lowest energy,
where λ ν is the neutrino Yukawa coupling. One finds that V L.E. < 0 for some a unless the sneutrino trilinear coupling fulfils the inequality,
which is the sneutrino-sector counterpart of the "traditional" bound on |At| from Chargeand-Color-Breaking (CCB) minima [21] . This can be re-expressed in terms of the sneutrino mass eigenvalues and mixing angle like
This means that θν 2 × 10 −12 implies a lepton-number breaking global minimum, if one assumes that m ν ∼ 1 eV and all the other mass parameters above are around 100 GeV.
Therefore, in the range of θν required by a viable relic density of light sneutrino DM, the SML vacuum is inevitably a local minimum with a finite lifetime.
Given the low value of m < 0 [22] . However, we shall not consider this direction for the reason to be explained below.
In order to judge whether the global minimum invalidates this model or not, one would need to consider two aspects: the cosmological history of the vacuum, and the lifetime of the current SML vacuum. Regarding the former, one could argue that inflation-induced scalar masses might have brought the Universe to the SML vacuum [23] . The latter then becomes the remaining criterion.
Employing a semiclassical approximation [24] , one can express the false vacuum decay rate per unit volume in the form,
where A is a prefactor which we set to (100 GeV) 4 on dimensional grounds, S is the Euclidean action, and φ is an O(4)-symmetric [25] stationary point of
The "bounce" φ(ρ) shall obey the boundary conditions,
where φ + denotes the false vacuum. The criterion for admitting a parameter set shall be S[φ] > 400 which is the requirement that the lifetime of the observable spatial volume at the SML vacuum be longer than the age of the Universe [26] .
To obtain the bounce configuration φ(ρ), we use the numerical method described in Ref. [27] which works even for a scalar potential with distant or non-existent global minimum. For a fast computation, we restrict the set φ of scalar fields to {H
The other scalars are assumed to be zero along the bounce. In view of the shape of the potential, this should not preclude a tunnelling path possibly with a lower S. In particular, this field restriction excludes the UFB-3 direction in Ref. [28] which is a generalization of the aforementioned UFB direction [22] . However, such UFB paths contain intervals with non-vanishing D-terms which form high potential barriers. Therefore, contributions from the UFB paths to Γ/V would be highly suppressed compared to that from a CCB path throughout which the D-terms are negligible.
As a way to check the validity of our program, we compared its value of S to that from CosmoTransitions [29] , using the two-scalar toy model included in the package.
With the tree-level potential, plus a term proportional to |H u | 4 for fitting the measured Higgs mass (see e.g. [30] ), one can determine the tunnelling rate by fixing mν 1 , mν 2 , θν, µ, tan β, and M A , the last of which is the CP -odd Higgs mass. To obtain the vacuum lifetime bound on θν, we set some of them as follows:
while we choose the other parameters as in Table II . Note that the tunnelling rate is insensitive to M A for tan β 10 since the CP -odd Higgs as well as the other extra Higgses belong mostly to H d whose components remain to be small along the CCB direction, as (13) shows. (A similar discussion about the irrelevance of M A to the bounds on flavour-violating up-type trilinears is found in Ref. [31] .)
The overall conclusion from the numerical computation with the above input turns out to be that the vacuum longevity constraint on θν is so loose that it allows the entire range of θν limited by Z → inv and h → inv. For instance, any θν ≤ 0.52 is safe from rapid bubble nucleation for mν 1 = 0.1 GeV. Even larger θν is allowed for higher mν 1 , since Aν which triggers the tunnelling is proportional to m 
V. RESULTS
We analyze the GeV-mass region of the thermal mixed sneutrino dark matter scenarios. In general, it is difficult to detect the GeV-mass WIMP directly, because direct detections have an energy threshold. However, if the GeV-mass WIMP interacts with the Higgs boson, the search for the Higgs boson invisible decay can constrain the parameter space of the GeV-mass WIMP. In the thermal light mixed sneutrino scenarios, the Higgs invisible decay imposes the upper limit on the sneutrino mixing angle. The small mixing angle of the sneutrino requires that the mass of the lightest neutralino is of the order of 1 GeV (see Eq.7). On the other hand, the GUT relation 6M B = 3M W = Mg, which is assumed in earlier works, and the experimental constraints on the gluino mass [12, 13] require the lightest neutralino mass to be O(100 GeV). Thus, we relax the GUT relation and focus on the GeV-mass region of the thermal mixed sneutrino dark matter and the lightest neutralino.
We list parameters and their reference values in Table II for the regions where the branching ratio of the Higgs invisible decay is minimum and comment on the reference values below.
The large µ-parameter suppresses the higgsino component of the lightest neutralino. Then, the decay width of the Higgs boson to a pair of the lightest neutralinos is suppressed and the branching ratio of the Higgs invisible decay can be consistent with the LHC results [17] .
The reference value of tan β is chosen to give the Higgs mass 125 GeV. The heavier sneutrino mass must be larger than the Higgs boson mass in order to suppress the decay width of the Higgs boson to a pair of the lighter and heavier sneutrinos. On the other hand, the heavier sneutrino should be light enough, because the sneutrino A-term which triggers the false vac- 
FIG. 1:
The results of the search for the parameter region of the light mixed sneutrino dark matter scenarios. The horizontal and vertical lines denote the mixed sneutrino dark matter mass and the sneutrino mixing angle respectively. The yellow (light-gray) and light-red (dark-gray) regions are ruled out by the relic abundance [4] and the Higgs invisible decay [17] respectively. We also show the upper limits of the spinindependent elastic WIMP-nucleon cross section by the LUX (blue dotted line) [18] and the SuperCDMS (dark-green line) [19] . The allowed white region is strongly constrained by the upper limit of 10% (black dotted line) and 1% (red line) on the branching ratio of the Higgs invisible decay.
uum decay is proportional to m
. The right-handed selectron and smuon are heavier than the next-to-lightest neutralino in order to relax the constraints on the chargino and the neutralino from two-and three-lepton searches at the LHC [9, 10] . The right-handed stau mass and the wino mass are chosen to be consistent with the results of the two and three tau searches [11] .
We show the result of the parameter region search in Fig. 1 . In the yellow region the relic density of the sneutrino is larger than the dark matter relic density from Planck collaboration data [4] . The light-red region is excluded by the Higgs invisible decay searches at ATLAS [17] . The Higgs decays invisibly into a pair of the sneutrinos or the lightest neutralinos in parameter space of our model. This light-red region will become larger by the searches at future colliders. The upper limit on the Higgs invisible decay branching ratio of 10% constrains the mixing angle sin θν up to 0.1. In addition, the 1% limit can test all the region of the sneutrino mixing angle in the light sneutrino scenarios. The constraint on dark matter direct detection rates from LUX [18] and SuperCDMS [19] is not serious in the light mass region. In the allowed region the spin independent cross section is of the order of 10 −42 cm 2 .
VI. CONCLUSIONS
In supersymmetric models with Dirac neutrino masses where soft breaking trilinear sneutrino interactions are not suppressed by small neutrino Yukawa couplings, the lightest mixed sneutrino is one of the viable thermal WIMP candidates due to the non-negligible mixings between the left-and right-handed states. We have focused on the cases where the lighter of the mixed tau sneutrinos is a WIMP with mass of the order of 1 GeV, and investigated phenomenological constraints on such scenarios. We have shown that if the mass of the bino-like neutralino is also of the order of GeV, the dark matter relic abundance can be explained while adequately suppressing the invisible Higgs boson decay rate. This situation could be realized by relaxing gaugino mass universality which, if retained, would have disabled our scenario because of the severe gluino mass bound obtained at the LHC.
Special attention has been paid to the vacuum stability bound. The large trilinear soft breaking sneutrino interaction also makes a lepton number violating vacuum deeper than the MSSM-like vacuum. We have computed the relevant Euclidean action, and shown that the lifetime of the Universe in the current phase is long enough in the allowed regions where the dark matter and Higgs invisible decay constraints are satisfied.
Although dark matter direct detections cannot give stringent constraints on such a low mass WIMP, we have shown that the ILC has the ability to explore the allowed region through the Higgs invisible decay search if the mass of the mixed tau sneutrino is larger than 0.1 GeV. Such light mixed sneutrino scenarios are good examples to show that future linear colliders can explore model parameter regions which other experiments cannot probe.
